The paper is intended to discuss the key techniques for improving the clarity and resolution of the images in phased array ultrasound systems. Based on the theory of the phased array system, the working mechanism and the system architecture are illustrated. The contributions of the array probe characters are emphatically examined. The design strategies of the ultrasound array element, the phase controlling technique, the analog and digital signal processing and the ultrasound imaging are emphatically introduced. Preliminary test shows that ultrasound phased array system has better signal-noise ratio, more sensitive to defects, wider testing range and higher working efficiency than conventional single element ultrasound NDT testing system.
Introduction
Ultrasound testing for NDT has traditionally relied on pulse-echo techniques: a single transducer emits a short pulse of ultrasound towards the flaw inside the material and processes the signal reflected back from various acoustic boundaries for the following display and analyzing. But the need for reliability has prompted the development of an alternative technique -phased array ultrasound testing (PAUT) system. Phased array ultrasound system for nondestructive testing is a new technique in the field of ultrasound nondestructive testing. This new option is borrowed from medical technology, in which phased array ultrasound is widely used. It enables a programmable, real-time array response on reception by modifying the delay line, the gain, and the activation of each element as a function of time. This technology is presented as a new powerful tool which can extend the depth-of-field, reduce the beam spread, and increase the overall SNR (signal-to-noise ratio).
The PAUT system is characterized by the array probes and by the phase controlling technique. The probe is composed of an array of rectangular piezoelectric elements, which is different to the conventional single element testing instrument. The phase and amplitude of each ultrasound signal excited from the array element can be electronically and independently adjusted. The ultrasound signals can be focused anywhere within the sound field of the probe under the phase controlling mechanism. The principle is shown in Fig. 1 .
System Architecture
The architecture of the phased array ultrasound testing system for NDT is shown in Fig .2 . The system is composed of nine parts: beamformer central control unit, TX beamformer unit, transmit ultrasound amplifier, piezoelectric element array probe, echo ultrasound signal multiplexer, variable gain controller, analog/digital (A/D) converter, RX beamformer unit, digital signal processing and image processing unit. 
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Key Techniques
Key techniques in the development of the phased array ultrasound testing system include the design of the piezoelectric array probe, the beam-steering circuit, the variable gain controlling circuit, the A/D converter design and the digital signal processing algorithms.
Probes and Excitation
The probe is composed of piezoelectric element arrays. The array element number is determined by the system channels. There are two kind of array probe that is usually used now. One is the linear array probe, which is composed of a group of parallel rectangular piezoelectric elements. This kind of array probe can be controlled to focus at a field that is perpendicular to the long side of the element. The other kind of array probe is the annular array probe. It can focus along its axis. In our established system, the linear array probes are used. Figure 3 shows the structure of the linear array probe. The probe has 16 rectangular elements, arranged in line on one plane with the space of 0.5 mm. Each element is 1.5 mm in width and 10 mm in length. The piezoelectric element has a central frequency of 5 MHz. The calculation and simulation of the ultrasound field can refer to the documents listed [1] [2] . The excitation pulse generating circuit includes 16 separate excitation controlling and amplifying channel. Each array element is excited by one channel to generate the ultrasound signal. The
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Title of Publication (to be inserted by the publisher) excitation controlling and amplifying circuit is composed of two parts: the analog circuit and the digital circuit, as shown in Figure 4 . The digital circuit includes the data RAM, the logic controlling circuit and the D/A converter. The data RAM is preloaded with parameters of the ultrasound signal amplitude and phase. When the synchronization signal comes, the control logic reads out the data pre-stored in the data RAM and then writes them to the D/A converter. The ultrasound excitation pulse is then generated from the output of the D/A converter. In the pulse generating circuit, a 64K X 16 SRAM is used as the data RAM. The D/A converter is a 10 ns high-speed converter with differential voltage output.
The analog circuit includes the high-speed operational amplifier and the power amplifier. The function of the analog circuit is to amplify the output signal from the D/A converter so as to generate enough power to excite the array elements. The power amplifier is composed of a pair of high-frequency power MOSFETs.
The ultrasound excitation circuit illustrated above has many advantages. The amplitude and phase of the excitation pulse can be precisely controlled using this circuit. And many kind of waveform, e.g. sine wave curve, trigonal curve and etc, can be generated. The circuit can work not only under continuous waveform, but also under pulsed waveform.
Beam Steering and Focus
Suppose that P1 is an element of the array probe, and P2 is another element. Two waveforms are generated separately from P1 and P2 with the same frequency. The formulas of each signal can be described below:
In the formulas above, 1 ϕ and 2 ϕ is the initial phase of the waveform generated from P1 and P2. 1 r is the distance from P1 to point P, which is a point within the ultrasound field, and 2 r is the distance form P2 to point P. When the two signals meet at point P, the resultant formulas can be described as follows:
In the formulas above, the resultant amplitude is:
λ is the wavelength of the ultrasound signal. )) ( (
A gets its maximum. 
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The aim of phase controlling is to select suitable 1 ϕ and 2 ϕ so as to obtain the following result:
Several methods can be used to control the phase. Analog delay line was used in early days. But Analog delay line, which is low in precision, has its disadvantages. Silicon delay line takes an important role nowadays. DALLAS INC has several types of digital delay line -DS1020, DS1021 and DS1023 for example. These delay lines have a delay precision of 0.25 ns, which is enough for our needs. But silicon delay line is very expensive. The phase delay can be generated by other methods nowadays with the development of the integrated circuit technology. In our system, integrated circuit is used to adjust the phase delay. This method can be called the time division method. Firstly the controlling signal in one cycle is divided into 2n parts. So the interval between two parts is:
The amplitude of each part can be obtained based on its phase. The digitalized amplitudes are preloaded in sequence into the data RAM. When the TX SYNC signal comes, the values inside the data RAM are fetched in turn and written into the D/A converter under the control of the FPGA. The values inside the data RAM can be varied according to the signal to be generated with the expected phase and amplitude. The driving clock of the FPGA is usually one or several times larger in frequency than the expected signal.
Variable Gain control
The VGC (variable gain control) unit is a crucial link in the ultrasound signal path. It must have the ability to amplify signals ranging from a few microvolts to 1 volt up to one or two volts for the ADC. This gain will be exponentially increased along each transmit/receive sweep line. At the near end of the wedge, the gain will be very low. It will have to process the 1 V return signal right after the 100V ceramic excitation pulse. As time after the excitation pulse passes, the gain will be swept into very high levels. This must be done while maintaining very low noise to avoid masking low level signal coming from deep within the body. The operator will adjust the variable gain amplifier control to improve the quality of the image. The AD604 variable gain amplifier is used in our system. It has two channels that can accept a linear time sweep and produce an exponentially increasing gain with a 48 dB range.
The A/D Converter
There are many sources of noise that combine at the input of the ADC, including gain stages and cable noise. As the last link in the analog signal chain, it is important that the ADC itself has low noise. Its noise must not be confused with the surviving signal coming from the other components. Quantization noise is improved by using higher resolution converters. Many ultrasound systems use 10 bit converters with theoretical quantization noise of -61.7dB. Newer machines are using 12 bit converters, which bring the theoretical quantization noise down to -73dB.
Many ultrasound systems use 4x oversampling for improving signal-to-noise and to reduce complexity in antialias filters. In order to obtain good image quality, a 30 MHz ADC is practically used in a system with the probe frequency of 7.5 MHz. Oversampling rates are also dictated by the ability of the signal processing chain to process the data stream. If the speed of the ADC is so high that the digital signal processing unit can't process the mass data in time, a lower speed ADC, which is cheaper and power saving, is suggested. In our PAUT system, a high speed ADC-ADS800 is used. The ADS800 is a low power, monolithic 12-bit, 40MHz Analog-to-Digital (A/D) converter utilizing a small geometry CMOS process. The ADS800 employs digital error correction to provide excellent 
Digital Signal Processing and Display
After the ultrasound signal is digitalized, it can be processed using the digital signal processing techniques. The duty of the digital signal processing unit is RX beamforming, noise filtering and image processing. Based on the principle of the phased array system, TX beamforming during ultrasound transmission and RX beamforming during reception are needed. The TX beamforming and RX beamforming are converse processes. The aim of RX beamforming is to locate the situation of the flaw and analyze it with math tools. The noise [3] among the ultrasound signal includes material noise, electric noise and so on. Electric noise is a kind of random noise. As to the material noise, the adaptive filtering technique is suitable.
Performance Test
The experiment presents the results of inspection on a steel with artificial defects in it at different depths with the phased array ultrasound testing system VS conventional single element probe inspecting system ( C-Scan system ). The conventional probe has a central frequency of 5 MHz with a diameter of 10 mm. The steel has two artificial defects inside. The diameter of the defects is 2 mm. The depths of the defects used are 2 mm and 6 mm. The recorded defect images ( Fig.5 to Fig.8 , using the same gray scale mapping ) show a difference between the two systems.
Fi gur e 7 Summary 1. The SNR is definitely better with the phBsed array probes than with conventional probes.BThe ultrasound signals emitted by the phased array system have the same frequency. The sound density at the focus point is the vector addition of the density of each probe element when they focus at the same point. The noise signal, which is random, is different. So the SNR is better with the PAUT systems. 2. The array probe has a beam much more narrow than the conventional probes. This is due to the focusing in the focus field that can only be obtained with the PAUT system. Furthermore, with the focusing of phased array probes, we can inspect with only one probe a very wide range of depth, whereas with conventional inspection instrument there is only one focusing depth, the natural focusing. So for the same range, we would have to use many conventional probes. 3. The PAUT system gives us maxim detection on all defects in the entire depth. The focus can be dynamically adjusted depending on demand within the focus field, whereas the conventional UT system can't vary its focus neatly.
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Title of Publication (to be inserted by the publisher) 4. The flaw images have perfect circular shapes whether close to the surface or far from the surface. This is not the case with conventional probes. This is mainly due to the fact that it is impossible to focus at many different depths with conventional method. 5. The efficiency is higher with the PAUT system. Based on the electronic beamforming technique, the PAUT system can adjust the phase and amplitude of each probe element according to the shape and the depth of the flaw. So it can vary the situation and the density of its focus neatly and efficiently. Implementation of dynamic focusing in phased array systems will present many advantages such as an increase of the pulse rate frequency (PRF). The technology implies a lot of significant possibilities, but also an extensive beam characterization. This improves the focusing of the ultrasound, particularly for samples with complex shapes, and makes it possible to detect small defects with a greater degree of certainty.
